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Cast irons are one of the most widely used groups of metallic
materials availablé for engineering construction and,in terms of tonnage
output,are only exceeded in importance by wrought steels. The output of
iron castings in the U.K. has increased steadily since World War II and
now stands at nearlyJ35 million tonnes per annum. The wide usage of cast
irons is essentially the result of their cheapness in comparison with
all other commercial alloys, combined with their useful, though not

outstanding,range of mechanical properties.

Although cast iroms clearly constitute an extremely important
group of commercial alloys, and have done so for some considerable time,
there are many aspects of their microstfucture that aré far from fully
understood. In particular it is only comparatively recently that the
effect of trace elements on their solidification, and especially on the
mechanism of graphite precipitation, has begun to be appreciated. It
is now known that the presence of small amounts of certain constituents
in cast irons can have a profound effect on the microstructure and
hence the mechanical properties. Nitrogen and sulphur are two such
elements which, in small quantities; are believed to exert a powerful
influence on the soliéification process and, in particular, on the
graphite morphology. The introduction of titanium into the melt, prior
to casting can negate their effects as a result of the formation of

stable titanium nitrides and sulphides.

The purpose of ﬁhis investigation has been to study the interaction
between nitrogen, sulphur and titanium in cast irons and to examine their
effect upon the microstructure at various cooling rates. The variation
in cooling rates was obtained by a unidirectional solidification method
which was developed along with a method for monitoring the results.

The work was carried out on a particular cast iron commonly used in
ingot mould practices though the nature of the experiments precluded

~the use of comparable ingot mould cooling times of 48 hours.



2.1 COMMERCIAL CAST TRONS

The amount of material which has been published concerning cast
irons is considerable and it is beyond the scope of the present work to
attempt a complete review. It is only proposed to present a brief
outline of the available literature on the widely accepted general aspects
of cast iromn solidification, with more emphasis being placed on those
areas pertinent to this particular work. It is worth noting that a
number of useful general reviews of the literature concerned with the
solidification and transformations in cast irons have already been

(1,2,3) (4) (5)

published, notably those of Morrogh » Wallace and Hughes .

Cast irons may be defined as that group of high carbon, iron-
carbon alloys which exhibit the eutectic transformation during solid-
ification. Unlike steels they cannot be heat treated to produce a
homogeneous single phase structure and hengg the degree of mechanical
working which they can withstand is at best severely'limited.: For this
reason they are essentially used for applications where they can be cast

(6)

directly into the form of the finished component™ ",

Pure iron forms a eutectic alloy with carbon which, under equilibrium
cooling conditions, occurs at 4.25 mass % carbon. Commercial.cast iromns,
in addition to carbon, contain appreciable amounts of other elements and
these may affect the composition of the eutectic alloy. The most common
elements encountered in cast irons are silicon, phosphorus, manganese
and sulphur. 1In addition they may contain minor amounts of elements such
as lead, tin, antimony and bismuth and gaseous elements such as nitrogen,
oxygen and hydrogen which, although present in small quantities, can have
a powerful effect on the microstructure and hence the mechanical properties

of these materials.



Iron, carbon and silicon are generally the most abundanf elements
present in cast irons and hence it might be reasonable to consider their
solidification in terms of the Fe-C-Si ternary system. However, in the
presence of upto 3 mass 7 Si, the binary Fe-~C sections of the termary
Fe-C-Si diagram are very similar to the Fe-C binary diagram and hence
solidification proceeds in a manner similar to that of the pure two
component system(s). The effect of silicon and also phosphorus on the
carbon content of the eutectic are often expressed .in terms of the

M .

equation
(mass % C)eut = 4,25 - 0.31 mass % Si - 0.33 mass % P

This equation represents the projection of the eutectic valley onto

the basal plane of the Fe-C-Si-P phase diagram. For practical purposes
the above equation may be presented in a slightly different form in order
that the compos{tion of a particular commercial alloy may be expressed

in terms of a carbon equivalent value (CEV) and hence related to the

(7)

position on the Fe-C binary diagram

mass % Si 4 mass % P

CEV = mass % C + 375 3

A further complicating feature of cast irons is that they may
solidify according to either the stable iron-graphite equilibrium
diagram or according to the metastable iron-iron carbide equilibrium
diagram. Figure 1 shows the relevant portion of the iron-iron carbide
diagram pertinent to commercial alloys; The important featureé of the
iron-graphite diagram are superimposed on this figure and are shown in
broken lines. It will be noted that the eutectic temperature of the

stable system is slightly higher than that for the metastable system -

@



an important factor when considering the solidification modes of cast

irons.

The existence of two superimposed solidification systems is the

explanation for the existence of the two basic types of cast iron:=-

a) Grey cast iron - solidifying according to the irom-graphite

system.

b) White cast iron - solidifying according to the iron-iron carbide

system.

Grey irons are the most widely used group of cast iroms. In this
case the carbon is present in the form of graphite, usually as flakes,
Graphite is an inherently soft and friable material, in flake form it
exhibits sharp corners which have a detrimental effect on the impact
properties of the material, and in commercial alloys it can occupy a
significant area of the cross section. It is therefore not surprising
that it is the form, pattern and amount of the gréphite present which,
to a large extent, determines the properties of grey iromns. These in
turn are controlled by the composition of the alloy, the cooling rate
and the thermal history of the melting process(B). The flake-like form

of graphite therefore tends to make commercial grey irons relatively

weak and brittle, but they do have good machining and casting properties

In the case of white cast irons all of the carbon is present in the

form of cementite. Cementite is hard (about 1500 VPN) and brittle

and hence white iron castings also have these properties, which means that

they may only be shaped by grinding. White irons are of little use

in themselves but a white layer may be formed on the chilled surface

of a grey cast iron in order to render the surface wear resistapt,

while the component as a whole is tougher and more impact resistant than

(6)

a totally white casting .

6)

.



Another usé for white irons is as a starting material for malleable
iron production. This involves annealing the metastable white iron
structure in order to bring about the decomposition of the cementite
to form graphite, generally in a nodular form, in a matrix of ferrite or
pearlite, as desired. In this form the graphite does not exert such a

(3).

profound embrittling effect as the varieties found in grey cast iroms

“

Malleable iron requires long periods of heat treatment which increases
costs. A newer commodity, spheroidal graphite (S.G.) cast irom, is
therefore taking the place of grey and malleable irons. In this case

the graphite is induced to solidify in a spheroidal form by the inoculation
of a low sulphur melt with magnesium or certain rare earth elements.

Such irons can be ferritic or pearlitic in the as cast condition,

depending upon the elements present. To produce a ferritic iron the

base materials must be specially selected; the usual as cast structure

is pearlitic and may be rendered more ductile by annealing to produce a
ferritic S.G. iron - a material which is amenable to a high degree of
mechanical manipulation. Both malleable and S.G. irons in general are
tougher and have better impact resistance than grey irons, with a small,

(6).

but useful, amount of plasticity

A number of more sophisticated alloy cast irons are also available
for specialist uses, their mechanical and physical properties depending,
to a large extent,on the influence of the particular alloying elements

present and the state and distribution of the carbon.

These briefly are the basic types of alloys which constitute the
diverse range of materials known as cast irons. The present investigation
has been primarily concerned with solidification characteristics of grey,
and to a lesser extent white, cast iron and therefore the next section
of this review will be concerned with the solidification modes of these

types of iromn.



2.2 THE SOLIDIFICATION MODES OF CAST IRON

2.2.1 Grey Cast Iron

Grey 'cast irons essentially solidify according to the iron-grapﬁite
equilibrium diagram. In the case‘of irons of hypoeutectic composition
cooling under equilibrium conditions, solidification begins with the
precipitation of austenite dendrites. This is associated with the
progressive enrichment in carbon of the remaining liquid, which gradually
approaches the eutectic composition as the temperature falls(1’2’438’9).
When the eutectic temperature is reached, the remaining liquid, which
occupies the interstices between the primary austenite dendrites, solidifies
as a eutectic mixture of austenite and graphite from suitable nuclei.
Solidification of the individual eutectic ceils takes place on an
approximately spherical crystallisation front until interference occurs
with other growing eutectic cells or with the.brimary dendritic skeleton
of austenite. Growth continues until all the liquid is consumed, so
that, immediately after solidification, the primary deﬁdrites of austenite
and the austenite of the eutectic mixture are continuous. Distributed

| _ :
throughout the matrix of aqstenite is a dispersion of graphite, usually

in the form éf flakes, originating from the eutectic transformation(4’8’9).
On subsequent cooling, the austenite ultimately undeggoes the eutectoid
transformation producing a matrix of either ferrite or pearlite,

depending upon the composition of the alloy and the cooling rate.

Maximum hardness is obtained when the matrix is composed entirely of
pearlite. The presence of excess ferrite causes a lowering of the
hardness due to its weakening effect whilst excess carbide reduces the

strength due to its embrittling effect(lo).

In the case of hypereutectic irons, solidification commences with

the precipitation of primary Kish graphite with progressive denudation



(1)

of the remaining liquid of carbon as the temperature falls . The
subsequent solidification of the remaining liquid by the eutectic reaction,
and the decomposition of the eutectic austenite on further cooling,

follows a similar pattern to that of hypoeutectic iroms.

' With commercial irons which contain significant amounts of phosphorus,
a phosphorus rich phase segregates to the boundaries of the growing
eutectic cells. This ultimately solidifies at a somewhat lower temperature
than the iron-graphite eutectic, giving rise to the phosphide eutectic

(steadite), which outlines and indicates the limits of the original iron-
(3,8,9)

graphite eutectic cells

Most commercially produced cast iroms are hypoeutectic in composition
and, as a consequence, most of the research work carried out has been
concerned with these, réther than hypereutectic alloys(z). As stated
previously, it is the form, size and distribution of the eutectic graphite
which has the dominant influence on the overall mechanical propérties
of a particular alloy. The formation of the pro-eutectic phase is therefore
of relatively less importance than the eutectic reaction which is common

(1’8). It is therefore not surprising that it

to both groups of alloys
is the mechanism of solidification of the eutectic that has stimulated
the most investigatory work. However, it has proved to be such a

complex process that even now there is still controversy surrounding

" certain aspects of the solidification mechanism.

The formation of the eutectic phases proceeds by a nucleation and
growth process. In general the nucleation process is considered to be
more difficult than the growth process ana under practical cooling
qonditions this difficulty with nucleation manifests itself as a tendency
for the alloy to undercool below the equilibrium temperature for the

formation of the austenite-graphite eutectic. This tendency for under-

4



cooling to occur can have a marked effect on the structure of the
eutectic graphite and,with sufficient undercooling, can result in the
sﬁppression of the graphitic eutectic in favour of the carbidic

(2,4)

eutectic .

Figure 2 illustrates the type of cooling curve which might be
produced by a hypoeuteétic iron cooling under practical conditions(z).
Nucleation of the austenite-graphite eutectic cells commences at some
point B, below the equilibrium austenite-graphite eutectic transformation
temperature. The melt undercdols further wifh a progressive increase
in the number of growing cells until, at a point C,the number and growth
of the eutectic cells is often sufficient to cause liberation of heat
greater than can be dissipated to the surroundings, and so there is a
rise in the temperature to point D. The form of the eutectic arrest
shqws many variations and may exhibit an extensive horizontal portion(z).
As the éutectic cells begin to impinge on one another the rate of heat
liberation decreases until solidificatiop is complete at E. The degree
of undercooling and the form of the eutectic arrest is related to the

cooling rate and the degree of nucleation of the melt, as will be discussed

later in sections 2.3 and 2.4.

(3)

The graphite in cast irons can take a wide variety of forms' .
In grey ironms however, the most commonly encountered form is that of
flake graphite, although the size and distribution of these can be
significantly changed by the degree of undercooling. In the A.S.T.M.
classification, essentially five types of flake graphite have been

identified(a’ll’lz) :-

(i) A - Coarse flake graphite
(ii) B - Graphite rosettes

(iii) C - Pro-eutectic or Kish graphite



(iv) D - )
) Undercooled or eutectiform graphite

(v) E~- )

Of the five types of graphite, type C is fundamentally different
from the others in that.it refers to Kish graphite encountered in
hypereutectic irons. Kish graphite precipitates directly from the
melt, generally only in small quantities, in commercial hypereutectic
alloys, and hence is not subject to the constraints imposed on the
eutectic graphite platelets by the austenite present. For this reason,
Kish graphite assumes the characteristic form of straight sided plates,
as compared with the more irregular shaped, curved sided forms of eutectic

graphite(3?4’12).

The A, B, D and E types constitute the various forms of the eutectic
graphite. Their morphology can be directly related to the degree of
undercooling below the equilibrium austenite - graphite eutectic temperature
prior to solidification of the eutectic liquid commencing. With
increasing amounts of undercooling the form of the graphite flakes
changes from A to B to D or E, with ultimately a white iron being produced

(13).

at the highest degrees of undercooling The growth rates of the
different types of graphite follow directly from the amount of undercooling.
With only limited undercooling, type A graphite grows relatively slowly.
since the latent heat of fusion of the austepite-graphite eutectic must

be removed by conduction out of the solidifying iron. The growth rate

is much more rapid in the case of the D and E graphite becausebthe molten
iron is sufficiently undercooled that much, or all, of the heat of

fusion is absorbed by the remaining liquid, making heat removal no

()

longer a prerequisite for continuation of solidification The D and

E types of undercooled graphite are differentiated by the fineness of
the individual graphite flakes and the degree of directionality of the

(12)

primary austenite dendrites, between which are contained the eutectic cells



Type B graphite is an intermediate form of flake graphite produced
between the two extremes of undercooling. The flakes'grow répidly at
the central portion of the cell but the degree of'undercooling is less
than that required to ensure a fully D or E type structure and so the
temperature of the remaining liquid is raised to the equilibrium eutectic
temperature by the heat of fusion. Growth then proceeds mége slowly
producing the type A graphite structure at the outer portioﬁ of each

cell(A)‘

A polished section of a grey ironm tends to show the gréphite flakes
as discrete entities. As a consequence there was once considerable
speculation concerning the true nature of the graphite distribution.

‘The true structu?e of type A graphite was first revealed by certain

®) by

Russian investigators, and subsequently confirmed by 0Oldfield
dissolving awa& thé iron matrix to expose the flakes. They showed that
the graphite flakes within a particular eutectic cell originated from

a single nucleation site and grew from this point, forming a continuous
skeleton which repeatedly branched during the growth of the cell.

(14)

‘It was later confirmed by Day » using scanning electron microscopy,
that the structure of undercooled, D type graphite,also consisted of an
interconnected network, differing only from the coarse and medium forms
of flake graphite in that the structure was finer and had a greater

amount of branching and waviness relative to the thickness of the graphite

flakes.

During the formation of a particular eutectic cell the graphite
flakes grow normal to the interface with the liquid giving rise to an
irregular radial structure. Both the austenite and the flake graphite
grow in contact with the liquid, with a tendency for the flakes to

(5)

project beyond the austenite into the liquid'~’. Although the austenite
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and the graphite grow side by side the growth of the graphite is

anisotropic. The graphite platelets maintain an average interphase

separation, governed by the imposed growth rate, as a result of the

ability of graphite to change its local growth direction, probably by
(14)

twinning and sub-boundary formation . If the graphite was unable

to change its local growth direction, convergent and divergent growth

at the solid-liquid interface would lead to termination and the necessity

for the graphite to nucleate at,or ahead of, the interface - a process which

is not observed in practice.

Whilst flakes are the most common form of graphite in grey cast
iron, other forms have'been observed. The most well known of these
is the spheroidal, graphite form(3’4) (see section 2.2.3). 1In additionm,
the graphite has been observed to take the form of plates or needles
in a 'pseudo-Widmanstidtten' form, as a mesh like diétribution, as

(5)

globules and filaments and as ‘coral’ or "quasi flake' distributionms
Most of these are the result of compositional effects, the mechanism of

which is far from fully understood (see section 2.5).

It will be evident from the foregoing discussion that grey cast
iron may exhibit a variety of microstructures defined in terms of the
size, shape‘and distribution of the graphite phase and the matrix in
which it is embedded. This variety of structures will in turn give

rise to a range of properties. The control of the microstructure is

therefore an important consideration and will be influenced by essentially

three variables:-

(i) The cooling rate during solidification and subsequent solid
state transformation.
(ii) The nucleation and growth conditions prevailing during

solidification.

(15

)



(iii) The composition of the alloy.

The effects of these variables on cast iron structure, and in particular
grey iron structure, will be discussed in Sections 2.3, 2.4 and 2.5

respectively.

2.2.2 Indirect Graphite Formation

It was once a widely held view that the graphite in grey cast irons
was the result of an indirect graphitisation process(le). It was
believed tﬁat solidification took place initially according to the iron-
iron~carBide system giving rise to a white iron. The metastable cementite
in the structure then underwent solid state decomposition to create the
flake graphite oBserved in practice. The belief that the graphite, and
in particular D type graphite, originated in this way persisted well

into the 1950'5(3’10’17’18). The historical development of these theories

(5)

has already been reviewed by Hughes and it is not proposed to elaborate
further on this particular aspect of the development of our understanding
of cast iron solidification processes. It is now generally agrged

that all the common forms of flake graphite (A to E) form directly from

the melt during solidification(z’lg).

While it is accepted that the common forms of flake graphite form
directly from the melt, a number of_workers have continued to attémpt
to provide evidence for a theory, championed by Kondic(20’21), that
indirect graphite'fbrmation during solidification can sometimes occur.
It is known that when cgmentite is graphitised at 'low' temperatures,
compact aggregates of graphite are formed. As the temperature is
raised it becomes less compact and, at temperatures approaching the
solidus, '"flake-like' forms of graphite cén occur by solid state

decomposition of the carbide. No demonstration has ever been made however

of true flake graphite occurring by this process, except under conditionms



where melting could have occurred(5’22). Evidence has recently been

presented however that at:least a small proportion of the graphite
i

encountered in mottled structures is closely associated with the cementite

phase and may be the product of an indirect graphitisation process(zo’zz).

2.2.3 Spheroidal Graphite Cast Iron

Like the ordinéry grey cast irons; spheroidal graphite' cast iroms
essentially solidify according to the iron-graphife equilibrium diagram.
The change from flake to spheroidal graphite morphology is.produced by a
change in the crystallographic growth direction, induced as a resqlt of

compositional changes in the melt(3’4).

The atomic arrangement in graphite is that of a simple hexagonal
cell., Surface active elements, such as sulphur, are preferentially
adsorbed onto the prism planes of the graphite cells, lowering the interfacial
energy of these planes with the melt, and thereby encouraging further
graphite growth to occur on them. When the surface active element
content of iron is sufficiently low, the basal plane has the lowest inter-
facial energy and growth occurs on these planes. The mode of action
of magnesium and other spherodising elements is to react with the surface
active elements, and in particular sulphur, to prevent adsorption onto

the prism plane and thus allow growth to occur on the basal plane(3’4).

Due to the action of surfﬁce active agents in the melt, flake graphite
tends to grow in a direction parallel to the basal plane of the unit
cell by adding atoms onto the prism faces. The flakes therefore consist
of long sheets of crystals ﬁith their basal planes at the top and bottom
face. The weak bonding between adjacent basal planes of carbon atoms
permits easy relative displacement of the basal planes facilitating the

bending, turning and twisting of the flake graphite as it grows(3’4).



In the case of spheroidal graphite, growth proceeds radially
from the centre of nucleation by addition of carbon atoms in the form of
additional layers of basgl planes. Growth therefore occurs in a direction
perpendicular to the basal plane, resulting in a nodule consisting of
columnar graphite crystals with their basal plane at right angles to the
radial direction of the nodule, and with the basal plane at the surface

of the nddule(3’4).

As a result of the change in graphite morphology there is also a
change in the relative distribution of the eutectic phases, austenite
and graphite. In hypoeutectic irons the spheroidal graphite nodules
grow to a limited extent with the surface in contact with the liquid
metal, but are soon surrounded by a solid austenite shell. The growth
rate of - the graphite nodules therefore becomes dependent upon the rate
with which carbon diffuses through this shell and iron diffuses out to
make room for carbon atoms. This process is relatively slow and hence
these irons are easily undercooled into the metastable region. In
hypereutectic irons the graphite spheroids grow in contact with the
liquid until the eutectic temperature is reached. The austenite shell
is then formed and growth continues in the same manner as in hypoeutectic

4)

irons( .

2.2.4 White Cast Iron

The white iron structure is the result of solidification taking
place according to the metastable iron-iron carbide system. The eutectic
alloy solidifies to produce a mixture of cementite and austenite and the
proeutectic phases for the hypo- and hypereutectic alloys are austenite

and cementite respectively.

The practical problems associated with the study of the solidification



of white iroms are somewhat more difficult than those with grey iroms.

In samples of white iron quenched during the eutectic arrest it is
difficult to distinguish between the eutectic solidified before and
during quenching. In addition they are of lesser importance commercially
than grey cast iron and hence have stimulated less interest. As a

result of these factors significantly less is known about white iron

(2)

solidification than their grey counterparts

The white iron eutectic can ha&e either a globular carbide structure,
characteristic of ledeburite, or a plate like acicular structure.
Very little is known about the factors that determine which type of
structure will form. It is bélieved that the plate structure solidifies
after a greater amount of undercooling than is required for the solid-
ification of the ledeburitic structure. A high melting temperature
and a very rapid cooling rate consequently tend to promote the plate
like structure(z)

(23)

its presence . Under conditions of unidirectional solidification

the eutectic may also exhibit a lamellar form(24).

and high sulphur levels are also believed to encourage

It will be noted that on the Fe-C equilibrium diagram, shown in
Figure 1, the eutectic temperature for the austenite- graphite eutectic
is somewhat higher than that for the iron-cementite eutectic. The
formation of the iron-cementite eutectic is therefore dependent upon
undercooling the alloy to below the iron-cementite eutectic temperature
before the iron-graphite eutectic has nucleated. The factors which
tend to render the formation of the austenite-cementite structure more

likely may therefore be summarised as follows(z’s’a) :-

(i) A reduction in the number of nuclei available for the
graphitic eutectic.
(ii) A reduction in the growth rate of austenite-graphite

eutectic cells.



(iii) A high rate of cooling.
(iv) The presence of carbide stabilising elements which reduce
‘the temperature interval between the stable and metastable

eutectic temperatures.

(19)

Hillert has made progress in rationalising the kinetic theory

for the formation of the alternate forms of the eutectic, particularly

at temperatures below the carbidic eutectic transformation temperature.

He has‘explained that the graphite eutectic may be more readily nucleated
- than the carbidic eutectic. Once nucleated howeVer, the growth rate of
the latter is much higher and hence white solidification can proceeﬁ:

very rapidly from a single cementite nucleus and spread to all parts of -~

a casting of considerable dimensions. The well known effects of cooling
rate on the relative tendéncy to form the graphitic or carbidic eutectic
must therefore be explained in terms of the kinetics of the two alternate ‘

(19)

reactions

2.2.5 Mottled Cast Iron

Under intermediate cooling conditions a part of the eutectic may

a
solidify. " <graphitic and/part carbidic. This leads to a mottled fracture
appearance..

(25) . . o . e e
Hong and co-workers , using a unidirectional solidification

technique (see section 2.7.6), have identified mottled irom structures

in terms of three classifications:-

Type 1: The white iron:eutectic cells form first in the melt and the
grey eutectic growth occurs in the residual melt between the

white cells.



Type 2: The eutectic growth occurs with a high degree of co-operation
between the stable Fe-graphite and the metastable Fe-Fe3C

eutectics.

Type 3: The grey eutectic cells form first in the melt and then white
eutectic growth occurs in the residual melt between the grey

cells.

Whether it.is the carbidic or graphitic eutectic which tends to f&rm first
depends upon the effects of cooling rate and alloy composition upon

their :elativé kinetics of formation. A subsequent change in the solid-
ification mode may however occur as a result of the preferential segregation
of elements to the solid and liquid phases. - For example, the_white iron
structure may form first, as in the case of Type 1 mottled irons, and,

due to the preferential segregation of graphite stabilising elements

such as silicon and nickel to the remaining liquid, may be interrupted

by the graphitic mode of solidification. In such a mottled iron the

grey region is confined to the spaces between the white colonies or

cells and does not show the characteristic shape of austenite-graphite

eutectic colonie§19’22’25’26).

2.3 THE EFFECT OF COOLING RATE ON THE MICROSTRUCTURE OF CAST IRONS

The effects of cooling rate on the microstructure of cast irons have
long been appreciated. It is generally accepted that increasing the
cooling rate during solidification tends to favour the formation of
finer graphite flakes and ultimately, beyond some critical cooling rate,

a white iron will result.

The primary effect of cooling rate is to influence the degree to which

the eutectic liquid will undercool below the equilibrium transformation



temperature before solidification commences. The degree of undercooling
has a considerable influence on the morphology of the graphite produced

and the tendency to form the carbidic eutectic(1’2’27>.

The relationship between the cooling rate and the degree of under-
cooling is illustrated in Figure 3(1). The equilibrium transformation
temperature for the graphitic and carbidic eutectic are represented by
respectively. The line

the two horizontal lines indicated as T, and T

1 2

XU indicates the effect of increasing cooling rate on the freezing
temperature of the austeﬁite-graphite eutectic and WZ the effect of
increasing cooling rate on the freezing temperature of the carbidic
eutectic. Figure 3 indicates that with increasing cooling rate the eutectic
melt undercools progressively further below T1 before solidification of

the austenite-graphite eutectic takes place, until at a certain cooling

rate, indicated by point W, the liquid has undercooled below T2 and solid-

ification of the carbidic eutectic takes place.

As the cooling rate, and hence the degree of undercooling, increases
from X to point Y, the number of nuclei from which solidification of
the eutectic originates, also increases progressively, résulting in a
larger number of eutectic cells of decreasing size. The growth rate of
each eutectic cell also increases, the greater the degree of undercooling.
Thé net resplt is that in a grey iron which has been élowly cooled, a
few slowly grown eutectic cells are produced, whereas if the same iron
is cooled more rapidly, many more smaller, rapidly grown cells are

produced(1’2’8’27).

The degree of undercooling, and hence the cooling rate, also has a
considerable effect on the structure of the graphite. The graphite
within each eutectic cell forms a continuous three dimensional metwork

of flakes. With a slow cooling rate there is less undercooling, producing



a slower growth rate with infrequent branching of the graphite network. -
This results in the formation of coarse type A flakes. With a faster
cooling rate there is more undercooling, producing a higher growth rate
and more branching of the graphite network. This results in the formation

(1,2,8)

of the finer E and D types of flakes The type B rosette -

graphite is the result of solidification taking place at intermediate

(4)

cooling rates

Gadgil and Kondic(zo)

have s;udied'the effect of cooling rate on

the graphite morphology in a series of hypoeutectic irons with various
silicon contents, but a common carbon equivalent value of about 4.0.

A 'unidirectional solidification"technique was used which involved
solidificgtion'in a vertical, preheated mould, the bottom of which was
sealed with a water cooled copper chill. The chill provided the principal-
means of heat abstraction and supposedly created conditions of unidirectional
heat flow, so that the cooling rate of the metal in the mould decreased
with distance from the chill. The iron solidifying in contact with the
copper chill produced aIEdEEﬁfitiC:strucﬁure. With increasing distance
from the chill, and thus a slower cooling rate, the amount of graphite in
the structure increased at the expense of cementite, and the flake graphite
morphology changed from type D to B to A. In addition they observea the 2
presence of a highly directionally orienta;ed form of gfaphite,'which they
called ‘streamer® graphite. This was found in association with cementite
in a position between the totally ledeburitic structure and the onset:

of the type D graphite.  Gadgil and Kondic suggested that some of the

streamer graphite might be the product of cementite decomposition.

In addition to its effect on the eutectic phases, the cooling rate
also influences the structure of the proeutectic phase. The effect of

cooling rate on the primary austenite dendrites formed in hypoeutectic



irons has been investigated by a number of Japanese workers using
" 'unidirectional solidification' techniques(28’29’3o). The primary austenite

dendrite spacing was found to decrease with increasing cooling rate and,

to a lesser extent, with increasing carbon content of the iron.

In recent years the use of 'unidirectional solidification' techniques
has been developed as a means of quantitatively investigating the effect
of cooling rate on cast iron structure(19’20’30’31’32’33). In earlier
experiments however, ﬁariations in the cooling rate were simply
achieved by varying the pouring temperature and the section size of the
test piece - the principal factors controlling cooling rate in a commercial .
foundry operating with a particular moulding practice. With increasing
section size and greater distance from the surface of a casting, the
cooling rate is slower and hence there is less undercooling, with all the
concomitant effects on eutectic morphology. A relatively low pouring
temperature produces a high cooling fate through the solidification
range and hence a high degree of undercooling(2’8’34). A high pouring
temperature would be expected to produce a slower cooling rate through
the solidification range with less undercooling, thus producing coarse,
type A graphite structures. Prolonged holding of the‘mélt, espe;ially
with a high degree of superheat, does however tend to reduce the number
of potential nucleation sites in the melt. In this case there is still
a tendency to observe a significant degree of undercooling before eutectic
solidification commences, leading to the finer forms of flake graphite<35>.
It has been suggested that this effect may be due to the elimination of

1)

oxides such as silica( or the dissolution of graphite particles in the

melt, which would ordinarily act as heterogeneous nucleation sites(10’35).

2.4 GRAPHITE NUCLEATION

The generally prevailing opinion is that the graphite present in grey



and S.G. irons nucleates on heterogeneous substrates in the liquid which
lower the surface energy requirements for nucleation. The nucleation of
both proeutectic and eutectic graphite in grey and S.G. irons is basically
similar in nature, although the composition of the nucleating substrate
may differ. In addition to the nuclei inherently present, it is common
practice to introduce small amounts of an inoculating agent into the melt
in order to increase the nucleation rate. There has been intense
speculation concerning the origin and nature of the nuclei from which

the graphite grows and many theories have been advanced. These have

(4)

been reviewed By Wallace who has summarised the possible nucleation

substrates for both grey and S.G. irons as follows:-

(i) Graphite particles which may be deliberately added or are residual
in the melt.
(ii) Dissolved gases or magnesium vépour.
(iii) Graphite precipitated in regions of silicon supersaturation.
(iv) Oxidation products of silicon or aluminium(36).
(v) Carbides with non-metallic or salt like structures, such as
calcium or aluminium carbides.
(vi) Boron nitride.

(vii) Various sulphide particles including those which are the product

of spherodising additionms.

Some of these theories have enjoyed a fair amount of acceptance
while others have not withstood the accumulation of additiomal data.
It does appear however, that more than one type of substrate can serve

for graphite nucleation(4’5’37).

In commercial practice the number of nuclei present may be artificially

increased just prior to casting by the introduction into the melt of a



suitable inoculating agent. One of the effects of inoculating the melt
is to reduce the amount of undercooling of the eutectic liquid,which |
takes place at‘a given cooling rate,before solidification commences.

This effect is depicted schematically in Figure 4, in which "Iron 1'
represents an iron which has not been inoculated and ‘Iron 2' represents
an inoculated material. At a given cooling rate, say Rs’ the well
inoculated 'Iron 2' undercools much less than 'Iron 1' prior to thevstart
of eutectic solidification. and,as a result, can sustain a very much
higher cooling rate, RZ’ before undercooling into the region of carbidic
solidification(l).

The effect of inoculation on the struc;ure of cast irons follows
directly from the degree of undercooling. Increasing t£e number of
nuclei present, and thereby decreasing the degree of undercooling before
eutectic solidification commences, causes the graphite to become éoarser,

giving rise to type A flakes in favour of the undercooled varieties(4’10’38’39),

and also produces smaller eutectic cells(1’39). The effectiveness of

inoculants in decreasing the eutectic cell size has been observed to

(39)

improve with decreasing carbon equivalent value . The effects of

inoculation are especially beneficial in high strength cast irons,
since it ensures the formation of the graphite eutectic without the need
to resort to excessively high silicon levels, which would otherwise have

an adverse effect on the mechanical properties.

(1,2)

A number of materials have successfully been used as inoculants .

Graphite itself is a most potent inoculant and is most effective when

re(5,10,36) (40)

pu with a well developed crystal structure . Silicon

containing inoculants include ferrosilicon containing 75 or 80 mass

1..(1,2,10,36) (38) and

% S , calcium silicide containing about 60 mass % Si

some alloys of silicon with other metals such as manganese, iromn, zirconium

(5)

or copper . For these inoculants to be effective they must be impure,



the principal’ common impurities being aluminium and calcium in amounts

(36)

upto about 5 mass % « Mixtures of commercial ferrosilicon or silicon

(5)

with aluminium and/or calcium are particularly effective . Aluminium
(5,36)

(39)

Pure silicon alone is generally believed to have no inoculating power .

or calcium alone,or cerium as Mischmetal,can also act as inoculants

It has recently been shown however, that pure silicon is a potent

(40)

inoculant but that its effect fades rapidly . The amount of inoculant

required is generally quite small. As little as 0.05 masé % carbon,

(5) (39)

added as graphite s or 0.5 mass % silicon, added as ferrosilicon ’

have been reported to produce effective results.

The effects of inoculation tend to be somewhat transient.. If,after
the introduction of the inoculant, the melt is held at temperature, then
the inoculating.effect, when the melt is ultimately cast, tends to fade

(8)

gradually with inéreasing hold time . A high degree of superheat

tends to promote the fading effects(z). It has also been shown that

violent .agitation of the melt, by for example gas bubbling, can also

result in the destruction of the nuclgi(z). Decreasing the number' of nuclei
present in this way tends to increase the amount of undercooling observed
prior to the commencement of eutectic solidification at a given cooling
rate, thus tehding to promote the formation of the more undercooled

forms of graphite and,ultimately, the carbidic eutectic(38). This tendency
for the'number of nuclei present in the melt to decrease with holding time -
and with degree of superheat is also observed with irons which have not -

been inoculated(l’lo’35).

The effectiveness of inoculants appears to be influenced by the
sulphur content of the metal. 1In low sﬁlphur irons, graphite inoculant
additions readily dissolve and their effect fades so rapidly that a
ladle addition produces ﬁo inoculation. In the presence of normal sulphur

levels, the rate of dissolution of a graphite addition appears to be



retarded and it becomes an effective inoculant. Ferrosilicon, strontium
containing ferrosilicon and barium containing ferrosilicon have also

been shown to be relatively poor inoculants for low sulphur (£0.03 mass %)
flake graphite irons. The only ladle inoculants which have been fouﬁd‘to
inoculate satisfactorily low sulphur flake graphite irons are those

(40)

containing appreciable quantities of calcium,cerium or magnesium .

In practice there may be limitations on the extent to which inoculation
can be applied. Grey cast irons tend to swell on solidification which
may result in unsoundness in the form of internal porosity or surface
defects(l). The amount of swelling, and hence the probability of developing
unsoundness, tends to increase with the number of centres of eutectic
solidification. The production of a sound casting with a high degree
of nucleation therefore tends to become more difficult. Ideally it is
desirable to solidify with as little undercooling as possible, thereby
avoiding the formation of the carbide eutectic, and in such a way that
the solidification of the graphite eutectic occurs from as few centres as
possible to give the best chance of obtaining a sound gasting(l). Recently
it has been found that strontium silicide, ferrosilicon containing
strontium and mixtures of pure ferrosilicon with strontium metal can have
a powerful inoculating effect, without adveréely affecting the tendency

(1,5)

towards increased unsoundness . It is thought that the action of
strontium is not to increase the nucleation raté but to increase the
growth rate of those nuclei already present. By increasing the growth
rate without increasing the number of eutectic cells a sounder casting
is produced, whilst still ensuring that the degree of undercooling is

(1)

sufficiently small to avoid the formation of the carbidic eutectic .

Sulphides, including the products of spherodising additioms such

as‘magnesium or rare earth metals, show a strong tendency to act as



substrates for nucleation thereby increasing the eutectic cell count
and decreasing the tendency to form the carbidic eutectic and the under-

(4,5,37)

cooled forms of graphite Manganese sulphide is capable of acting

as a nucleation substrate, the optimum degree of nucleation being obtained

at 0.75 mass % Mn in the presence of 0.04-0,06 mass % 8(37).

Wallace(4’13’37)

has suggested that the effectiveness of various
sulphide formers in reducing the chilling tendency and increasing the cell
count is closely related to the thermodynamic stability of the sulphides
formed. Comparison of the behaviour of various inoculants with the free
energy of formation of the sulphides capable of being formed by each,

shows a close relation with their effectiveness as inoculants. Cerium

and strontium have the highest negative free energy of formation{ followed
by calcium and barium. Titanium and zirconium sulphides have a relatively
low free energy df*formation, close to that of manganese. Wallace suggests
that sulphides can act as substrates for graphite nucleation and that

the more stable the sulphide the more effective the inoculating action.
Experimental obser&ationé appear to confirm that titanium sulphide does

not have any significant ability to act as nucleating sites(Al).

Magnesium also forms stable sulphides and is believed to act as a powerful
inoculant. In commercial cast irons however, its effect on the crystallo-
graphic growth behaviour of graphite is more important than its inoculating

(4)

effect .

2.5 COMPOSITIONAL INFLUENCES ON CAST IRON STRUCTURE

The physical and chemical properties of grey cast irons may be varied
by alloying with various elements, in a manner similar to that applying’
to other ferrous materials, in order to control or modify the structure
of the metallic matrix. It mus t be remembered however that it is the

graphite dispersion which has the dominating influence on the mechanical



properties of grey irons and that the graphite is derived from the
solidification process. The extent to which alloying elements may be
deployed to modify the structure and properties of cast irons is partly
dependent on their likely effects on the solidification process, though
tﬁis is not always the case, for example, Nihard Cast Iron is martemsitic
and during heat treatment manganése affects the transformation charact- -

eristics.

The compositional components of grey cast iron may be divided into

essentially two groups:=-

(i) Those which affect the relative stability of the graphitic and
carbidic forms of carbon in the structure.
(ii) Those which influence the nucleation and growth mode of the

graphite.

General reviews of the elements falling'into these categories are
presented in sections 2.5.1 and 2.5.2 reséectively. The alloying comp-
onents of especial interest with respect to this particﬁlar research
investigation are sulphur, nitrogen and' titanium and these will be
considered separately and in somewhat more depth in sectiomns 2.5.3, 2.5.4

and 2.5.5 respectively.

2.5.1' Carbide Stabilising and Graphite Stabilising Elements

Certain of the alloying elements introduced into cast irons have the
effect of increasing the relative stability of either the graphite or
thé cementite, hence rendering the presence of one or other more likely.
In terms of the solidification behaviour of cast iromns, these elements
manifest their presence by increasing or decreasing the difference
between the equilibrium temperature for the formation of the graphitic

(1)

and carbidic eutectics



Ideally the>producer of grey iron castings desires that point W on
"Figure 3 should be at as high a cooliﬁg rate as possible, within the
limitations imposed by other factors such as chemical composition,in
relation to the specified mechanical properties. The introduction of a
suitable graphite stabilising element, such as silicon, will tend to
increase the interval between the equilibrium graphitic and carbidic
'eutectiﬁitransformaﬁion_temperatures (Figure 5). 1In so doing, the'likeIIJ;
hood of undércooling into the metastable region is diminished, thus

(1)

ensuring that a grey iron structure is produced . Silicon is the most’

powerful graphitising agent usually present in cast irons. Weight for

weight, titanium is a much more powerful graphitiser. OtherAlessgr »

graphite stabilising elements include carboﬁ itself, nickel and copper(3).
If a suitaﬁle carbide'stabilising element, such as chromium is

introduced into a cast irom, then the temperature interval between the two

possible eutectic transformations will tend to be reduced (Figure 6).

The ease with which the eutectic liquid can be undercooled below the

carbidic eutectic transformation temperature is therefore increased with

the result that the formation of the white iron structure is rendefed

more 1ikely(1). Increasing the concentration of carbide stabilising

elements may eventually lead to the carbidic eutectic becoming the more

stable phaseAin cast irqn(s). The alloying elements which tend to stabilise

the carbide structure include chromium and vanadium and, to a 1esservextent,

molybdenum, tungsten and manganese(3’4’23).

~ Some elements, such as aluminium and zirconium,may act as either

(3)

carbide or graphite stabilisers depending upon the concentration present .
: . . cs o (82)

In concentrations upto 3 mass %, aluminium behaves as a graphitiser ’

but beyond this amount it behaves as a‘'carbide stabiliser.. The effect

of aluminium, and also zirconium, at low concentrations may be due- to its

tendency to react with, and therefore remove from solution, elements such



as oxygen and nitrogen which, as a result of their effect on the graphite

growth mechanism, tend to encourage the formation of the carbidic

. (43,44 . ; . s . .
eutectlc( ? ). The behaviour of aluminium in concentrations greater

than 3 mass % is associated with the formation of stable aluminium

(3)

carbides .

2.5.2 Compositional Components Affecting the Growth Behaviour of Graphite

A peculiar feature of cast irons is their susceptibility to the

~
-

effect of certain‘mindr coméositional,éomponents which in other ferrous
materials may be unimportant or have only a limited influence, yet in
cast irons profoundly modify their structure and properties by thei:
influence on the nucleation and/or growth processes during solidificationm.
The concentration of ihese elements required to bring about changes in
graphite morphology afe generally very small - a particularly disturbing
aspect for commercial foundries, since their effects are not generally

beneficial.

The most widely dqcumented,.énd also probably the best ﬁnderstood'
example df the effect of trace: elements on graphite morphology, is in the
production of S.G. irons. The addition of small amoﬁnts of magnesium,
calcium or rare earth elements,such as cerium or yttr;ﬁﬁ;_to‘low sulbhur'
content iron produces a subétantial‘change in the crystal growth habit
of the graphite, resulting in the fofmation of spherulites(é). Normal
flake graphite gfows by crystallisétion from the melt in a directién :
parallel to the close packed basal planes. In a graphite spherulite there
is 'a radial array of ﬁwisted'graphite fibres, each growing normal to the

(1,3,4)

basal plane from a common centre There are many theories attempting

to .explain how the presence of elements such as magnesium bring about

(1),

this change in morphology. The explanations offered include



(i) The occlusion of foreign atoms in the growing graphite.
(ii) The existence of particular nuclei or nucleating conditiomns in
the melt.
(iii) The provision or removal of surface active agents at the surface

of the growing graphite crystals.

Wallace suggests that the latter theory is probably the one most likely

5(4,37)

to be correct - see section 2.2.3 The amount of the above elements

required to bring about the formation of graphite spherulites is very
small = in the case of magnesium 0.02-0.04 mass‘Z. As a result of the

change in graphite morphology, S.G. irons essentially behave as normal,

(1,6) .

‘ductile ferrous materials Unfortunatel% not all the trace

elements encountered in cast irons have such a beneficial effect.

The presence of small amounts of lead, antimony, bismuth or tellurium

may prevent the formation of graphite spherulites by the addition of

. R . . : . 1
magnesium, and instead give rise to degenerate forms of graphlte( ’4).

The harmful effects of these trace elements may be neutralised by the

presence of small- amounts of rare earth elements with the magnesium

(1)

addition It is thought that lead, antimony, bismuth.and tellurium

tend to collect on. the basal faces of the growing graphite cells and

(4)

thereby encourage growth on the prism planes, thus producing flakes
Rare earth additions prevent the influence of these harmful trace elements
on the crystallogréphic‘growth direction, so that growth on the basal

(4)

planes tends to takeiplace . The mechanism involved is not understood
and indeed, if no lead, bismuth, antimony or tellurium is present, the

rare earth elements themselves can inhibit the development -of-good

(1)

spherulites .

The sensitivity of graphite to modification by trace impurities is

not limited to iroms with spheroidal graphite, but also applies to flake



(1)

graphite . The mechanism of formation of some of these degenerate forms
of flake graphite is even less well understood than in the case of
spheroidél graphite. In certain irons the graphite may appear as fine’
plates or needles in a 'pseudo-Widmanstatten® pattern, in additiom to

the usual graphite flakes. Its appearance suggests a solid state
precipitation process, but in iron containing 14-16 mass % Si it may
appear as the only form of graphite sb that the possibility of a solid-
ificétion process yielding 'Widménstatten' graphite cannot be dismissed.
Mesh-iike graphite may also‘be fhe‘oﬁiy_form appearing in some castings
and so is presumably a solidification pfoduct, although it is difficult

(5’45). The possibility exists

to suggest a solidification mechanism
that such abnormal structures may involve comsiderable solid state
diffusion, either during or immediétely following solidification, with

a complete lack of co-operation in the growth of the phases(5). These
degenefate fofﬁéuof'éfaphite may significantly reduce the tensile strength

of grey irons and are therefore undesirable(4’46).

The presence of small amounts of lead, bismuth and tellurium aré
all known to increase the chilling tendency of grey iroﬁs and may lead
to the formation of 'Widmanstidtten' or mesh type forms of degenerate
graphite. Lead, bismuth and tellurium have no solubility in solid iron
and very limited solubility in liquid iromn. It is believed that these
elements collect at the surface of the growing graphite, and thereby
restrict the growth of the eutectic cells, giving rise to considerable

undercooling and degenerate graphite growth modes(4’13’37’46’47).

Tellurium has a particularly powerful chilling effect and has been
deliberately used as a chemical wash to induce the formation of a white
iron layer on the surface of castings, in order to improve the wear

properties(37’46). As little as 0.01 mass % Te in grey iron produces



a
severe undercooling and[restraining effect on eutectic cell growth,

while 0.02 mass % Te produces a completely white iron. Intermediate
concentrations may result in a chilled surface while the interior of the
casting exhibits mesh-like graph;te.or even compact spherulitic forms of
graphite. It is believed that téllurium, combined with free"unbalanced'
sulphur, collects at the eutectic cell peripheries and thus impedes
carbon diffusion across the boundary, which resuits in increased under-

cooling and the formation of degenerate graphite structures(37).

Selenium exerts a similar effect to teliurium, although less
pronounced. In small amouﬁts in grey irons it increases undercooling
and the eutectic ceil count, coarsens the graphite flakes and may producé
compacted flake structures.. Greater amounts of selenium can produce
mesh-1like structureé and other degenerate graphite forms, probably by a
similar mechanism to tellurium. Its effects are aggravated by the

presence of hydrogen(48).

Bismﬁth in grey irons exerts a growth restricting effect and produces
appreciable undercooling, although not as marked as with tellurium.

As little as 0.05 mass % Bi causes grey iron to undercool an.additional
12°C and increases the chill and cell count. Undesirable mesh or lacy
types of graphite and poorly formed spherulites have been observed to
form as a result of 0.01-0.06 m;ss%‘Bi* additions, attended by increased
amounts of pearlite in the matrix(§7>.

Elements such as lead, bismuth and tellurium may be accidentally
introduced into cast iron from non-ferrous alloys, such as bearing
metals, or -from lead and tellurium containing free cutting steels(37’46)L
Their effects are particularly alarming when one considers the concentrations
required to induce changes in the graphite morphology. Abnormal graphite
structures have been reported with as little as 0.0007 mass 7% Te or

0.019 mass % Pb(46).



The addition of rare earth elements to grey iron melts may nullify
the effect of the above trace impurities, by preventing their influence
on the growth direction and rate of growth of the graphite. However,
when present in excessive amounts, rare earth elements themselves may

exert a growth restricting effect(4’40>.

In grey irons antimony acts as a strong pearlite stabiliser wifhout
influencing the graphite structure. In S.G. iron it also tends to
stabilise the pearlite but, as noted earlier, it also causes the spherulites
to degenerate into flake-like forms. The pearlite stabilising effect
appears to be the result of interference with carbon diffusion to the

graphite<4’37). Tin and copper also exert a strong pearlite stabilising

effect(ls).

Boron also appears to collect at the eutectic cell boundaries and
restricts their growth, increasing both the chiliing tendency and the
eutectic cell count. The increased cell count is attributed to the- formation

. .
of boron nitride and its influence as a substrate, for graphite nucleation
in the melt. The collection of borom at the boundaries of the eutectic
cells, in both grey and S.G. iroms, results in a cell boundary network
of carbides containing some boron nitride, which sharply lowers the strength
and machinability. This network becomes more extensive with increasing
boron until, at 0.2 mass % B,each cell is surrounded by cementite. Boron,
in excess of ‘that required to form boron nitride, exerts a cell gfowth

restricting effect, thereby increasing the number of cells(4’37).

The presence of phosphorus in the melt is believed to have a
beneficial effect on graphite nucleation, giving rise to increased
numbers of eutectic cells with decreased undercooling. This is believed
to be associated with the significant reduction in interfacial energy

between graphite and liquid iron produced by phosphorus additions, thus

4



lowering the surface energy requirements for nucleation and resulting in
(5,8,22)

an increased number of graphite nuclei in the melt

Certain gaseous elements.which dissolve in the melt may exert an
influence on the graphite groﬁth marphology. Oxygen has been found to
increase the chilling tendéncy ;fbgréy cast irons when present in amounts
in éxée;s of 0.006 mass %. The normal oxygen levels encountered in

commercial practice range from 0.005 to 0.015 mass 1(43).

Hydrogen pick-up méy occur from various sources such as from
moisture in green saﬁd moulds or from hydrocarbons. Hydrogen is believed
to réduce'tﬁe growth rate of the eutectic cells producing coarser graphite
flakes with an increased chilling tendency(5’8’9’49). The presence of
hydrogen'has also been found to accentuate the detrimental effects of
lead on grey irom structures, although the mechanism involved is not
understood. If lead is present in amounts in excess of 0.003 mass %, and
" if the hydrogen content is greater than the normal 0.0001-0.0002’mass %o s
some graphite separates in a pseﬁdo—Wi&manstétten pattern which can

(1)

result in a 50% drop in the tensile strength of the irom ™’.

2.5.3 Sulphur‘in Cast Iron

Sulphur has been shown to exert a comsiderable influence on the
. structure and properties of cast iromns and, since it is present to varying
degrees in all commercial iroms, it is perhaps the single most important

trace element encountered.

Investigators studying the solidification of Fe-C and Fe-C-Si
alloys of high purity &0.006 mass % S) have observed that,-when>they are
graphitic, the structure usually comprises fine type D graphite flakes

in a largely ferritic matrix with pearlite restricted to cell boundaries.



At sulphur levels less than 0.002 mass %, the existence of degenerate
forms of graphite, described as ‘coral' or ‘quasi flake' graphite, has
been reported<15). The presence of a trace of sulphur however, causes

the graphite flakes to coarsen, giving rise to a type A structure in an
increasingly pearlitic matrix. This is accompanied by an increase in

the number of eutectic cells and an increase in the degree of undercooling
of the eutectic liquid before solidification commences. The ‘coarsening
effect on the graphite flakes produced by small sulphur additioms is so

(9,49)

pronounced that Boyles has suggested that this element is solely

responsible for type A flake structures, when they occur in commercial cast

(4’5’13’23’50). By increasing the sulphur content still further, at

irons
avgiven cooling rate, the degree of underqooling also increases. This
tends to cause the graphite flakes to revert back to the more undercooled
varieties and,ultimately, leads to the formation of the white iron

structure(z’5’8’9’13’23’37).

The carbide stabilising effect of sulphur at higher concentrations

(4,13,37)

tends to encourage the formation of a pearlitic matrix
a consequence, the tensile strength and hardness generally increase with
increasing sulphur content, reaching a maximum value in the range
0.04-0.06 mass % 5(4’13’37). With very high sulphur contents the graphite
often takes the form of mesh~like or other degenerate forms, which
adversely affect the mechanical properties(s). In malleable iroms also,’
sulphur exerts a retarding effect on graphitisation kinetics, which 1is
thought to be associated with its segregation to the austenite-cementite

. . . 51) -
interface as a result of its surface .active nature( ).

The microstructural changes brought about by sulphur additions to
cast iron have been explained in terms of the independent effects which
this element has upon the nucleation and growth processes involved in the

solidification of the austenite-graphite eutectic. Oldfieldks) has shown



that,at a constant level of undercooling, increasing the sulphur content
of an irom increases the number of nuclei and hence the number of eutectic
cells which form. This is believed to be associated with the marked
effect which sulphur has upon the surféée-tension of liquid iron and the
inteffacial eﬁergy between liquid iron‘;nd graphite. In pure Fe-C-Si
alloys, the surface tension is about 1;§O‘N/m. In the presence of

0.02 mass % S this falls to about 1.18 N/m and with 0.12 masé % S falls
still further to about 0.91 N/m(S). ‘If the interfacial energy between
graphite and liquid iron is similarly reduced by sulphur additions, then
this would.significantly reduce.the‘surfage energy requirements for nuélei
to form and hence, explains the observed increase in the degree of nucleation

. . 5
in cast 1rqns( ’8).

The teﬁdency for small ‘amounts of sulphur to cause the graphite

flakes to coarsen is associated with a reduction in the growth rate of

(5’13’15’41). It is believed that sulphur exerts a

the eutectic cells
growth restricting effect which may also be associated with its surface
active nature. Sulphur is insoluble in austenite and as solidification
of the eutectic cells proceeds it is rejected into the remaining liquid;
Sulphur atoms collect on the surface of the growing eutectic cells and
appear to retard further growth by interfering with the transfer of -

(4,13)

atoms across the liquid-solid interface The reduction in the

growth rate of the individual eutectic cells reduces the frequency of

branching of the graphite skeleton and thus gives rise to the coarse type A

flake strﬁctures(z’ls). The continuous enrichment of the liquid in

sulphur causes the graphite flakes to coarsen progressively as they grow.

(5)

This effect has been observed even in very low sulphur content iroms .

Associated with the growth restricting effect induced by sulphur is

(8)

a tendency for the degree of undercooling to increase . As a consequence,

the likelihood of forming the metastable white iron structure is greater



(9)

in high sulphur content irons

It has already been noted that hydrogen also exhibits a tendency
to reduce the graphitic eutectic cell growth rate, resulting in a

(5,8,9)

coarsening of the graphite flake structure The effects of

hydrogen and sulphur appear to be accentuated when both elements are

(49)

present together » but it 1s not clear what mechanism is involved.

It has even been suggested that hydrogen may have no effect at all except

in the presence of sulphur(so).

In commercial cast irons the effects of sulphuf are controlled by

(4,5,8,13,37,45,50)

'balancing' it with manganese with which it reacts

according to the equation:-
(Mn) + (S) = MnS

For optimum chill reduction, the amount of manganese required is given

by:
(mass % Mn) = 1.7(mass % S) + 0.25,

although slight variations on this relationship have been put forward ~

(13)

by different investigators .

The effects which sulphur has upon the nucleation and growth processes
arise from the free sulphdr in solution. This may be decreased, though
due to the nature of the equilibrium for the above reaction, never
completely eliminated, by increasing the manganese content. The relative
.amounts of manganese and sulphur present will therefore determine the
amount of sulphur in-solution in the melt and hence its influence upén

the nucleation and growth processes in commercial irons. Even in the



presence of an excess of manganese there will still be a small amount

of sulphur remaining in solution and this may be sufficient to account

for the existence of A type graphite in normal grey cast iron(13’50).

In molten iron, the manganese and sulphur are not in direct combinationm,

but, as the temperature of the melt falls during solidification, manganese

(45)

sulphide particles are precipitated at the eutectic cell boundaries .
Opinion varies as to whether prééipitated particles of manganese~sulphide

can act as a nucleating substrate for graphite(4’5’13>.

2.5.4 Nitrogen in Cast Iron

Nitrogen, like sulphur, is also found to varying degrees in all
commercial cast ironms. Depending upon the melting practice, the melting
unit and the fuel, nitrogen contents may range from 20 to 150 ppm(éé).

The influence of nitrogen on the solidification mechanism, and hence the
structure of cast irom, has mot recéived as much attention as éulphur

and hence it is only‘relatively recently that its effect has begqn to be
appréciated. The most extensive investigation into the effect of nitrogen

(44)

on cast iron structure apbears to be that undertaken by Dawson who
discovered that by treating the molten iroﬁ with fluxed ferrocyanides,
cyanamides or similar nitrogen containing compounds, nitrogen‘contents

in the range 30 to 500 ppm could be achieved. Nitrogen was found to exert
a strong carbide stabilising influence. In as cast hypoeutectic,
hypereutectic and S.G. irons the amount of combined carbon increased with
increasing nitrogen content. Thé graphite flakes were also modified,
tending to become shorter, thicker and more curved(1’5’44’52). It would
appear that growth in the direction of the basal plane is prégressively
discouraged and growth at .right angles to this becomes more pronounced,

(1)

but the mechanism involved is not understood'~’. This compaction could



be due to the presence of the element(s) forming the cyanide/ferrocyanides
(e.g. calcium, sodium) rather than the nitrogén alone. bAttempts to produce
compaction by deliberate additions of nitrogenﬂ(féom high nitrogen
ferromanganese, nitrogén gas and caléium cyanimide sources) have failed

to produce- compacted graphite forms(68).

It is claimed that the presence of nitrogen favours the formation of
a.pearlitic matrix in grey irons and'alsé-produces an increase’ in both |
the tensile and impact strength. This improvement in both tensile and
impact strength must be due to the change in the structure of ‘the graphite
flakes gince the presence of'incfeasing amounts of cementite would be
expécted‘to have a detrimental effect(éé’sz). The improvea tensile strength
brought about by nitrogen additions can be quite significant and may be
commercially usefu1. Morrogh reports that increasing the nitrogen-coﬁteﬁﬁ
from the normal value of about 50 ppmvto 150 ppm can result in a 30%

(1)

increase in the tensile strength . Excessive additiomns of nitrogen may

. -

however lead to porosity in the casting and the presence of undesirable

amounts of cementite(44’52).

Increasing the nitrogen content of S.G. iron also produces increased
amounts of pearlite with an accompanying increase in the tensile strength,

but a decrease in the ductility of the iron(aé’sz).

The carbide stabilising effect of nitrogen is also evident in malleable
iron - the time for the annealing process being significantly increased.
This is accompanied by an increase in the size and a reduction in the
number of nodules forimed. All of these effects are clearly detrimental.

' . . (44,52) . s o
to the production of malleable iron . Small additions of aluminium,
boron or titanium are commonly made to malleable iron to increase the number
of graphite nodules formed, probably as a result of their strong tendency

(52)

to form nitrides .



The effects of nitrogen on the structure of ordinar& grey and S.G.
irons may also be neutralised by the additiom of small amoﬁnts of aluminium
or titanium to the melt. In grey iroms, titanium is preferred“to aluminium
as a nitrogen neutralising additive, since it involvés less risk of
promoting hydrogen pinhole formatioﬁ. uIn practice pinholing is not found
to be a problem but aluminium produces a lot of alumina slag which is
trapped in the top of the mould. "This tendency for élpmina formation
tends to remove the aluminium from the mélt. Aluminium also promotes
Kish graphite formation by reducing the carbon saturation. This tends to
form a soft top as does the alumina.- The neutréiising effect of'thése

i

additions is presumably due to the removal of nitrogen from solution by

its fixation-as stable nitrides(44’52).

2.5.5 Titanium in Cast Irom

Titanium, like aluminium and zirconium, may behave as either a
graphitiser or a carbide stabiliser in cast irons, depending upon the
amount present. When added in small quantities to commercial grey'cast

irons it behaves as a graphitiser, but shows a marked tendency to refine

the graphite structure<3’53’54’55’56). In larger amounts, titanium behaves

as a simple carbide stabilising element by virtue of its ability to form

(3,41,55)

stable titanium carbides . On the other hand, titanium es a

powerful graphitiser, has been found to produce coarse graphite in cast

irons cast to large sections. In cupola melted iron this appears to be

(68)

related to the melting practice which is reducing 7.

The’graphite refining effect induced by small titanium additions has

(53)

long been appreciated. Nofbury and Morgan showed that iron normally
solidifying to give a coarse flake structure could, by the addition of

0.1-0.2 mass % Ti, be made to yield fine undercooled graphite which produced



an increase in both the tensile strength and hardness(57). The process

was considerably enhanced by bubbling carbon dioxide through the melt
prior to casting(53). It was initially believed that the graphite refining
effect was the result of an inoculation phenomena, due to the formation |
of titanate inclusions in the melt,and the presence of carbon dioxide

was essential in providing suitably oxidisihg conditions for theif formation.
It was later demonstrated that the comtribution of carbon dioxide was not
that of an oxidant, but instéadeas effectively degassing the melt,

thereby removing hydrogen, in particular, which has a growth inhibiting

effect on graphitic eutectic cellsgso).

It is now generally believed that titanium is a scavenger of sulphur
and will effectively remove.from solution, as titanium ;ulphide, any which
is not balanced by manganese. By removing the sulphur froﬁ solution in
this way, the effects that it would have had on the nucleation and growth
processes,.as described in section 2.5.3, are nullified. Titanium
additions to a cast iron are therefore associated With the production of
a low degree of nucleation in the melt, with an increased amount of
undercooling. The eutectic cells which form have a much higher growth

rate resulting in a finer, more branched graphite network(5’8’58);

Titanium will also react with any nitrogen in solution, to form

titanium nitrides, in a similar way to that described by Dawson for

aluminium additions to cast iron(44). The carbide stébilising effect

of nitrogen, described in section 2.5.4, would therefore be neutrélised.

Small amounts of oxygen in solution in cast iron are believed to encourage

(43)

and—titanium might also be
(55) -

the formation of carbidic structures

expected to remove this from solution as titanium oxide

The amount of titanium required to obtain the maximum graphitising

effect will depend upon the nitrogen and oxygen contents and also the



(55)

concentration of sulphur unbalanced by manganese. Kumar and Das have
examined the effect of additions of upto 2.6 mass % Ti on the structure
of hypoeutectic irons with very low sulphur‘contents and an excess of
manganese (3%C, 0.75%Si,0-0.05%S, 0.5%Mn). Upto 0.6 mass % Ti produced

a graphitising effect, but beyond this amount there was an increasing
tendency towards carbide stabilisation associated with increasing amounts
of titanium carbide in the structure. Morrogh has noted that unless
there is at least a slight excess of tiﬁanium present in ﬁhe form of
titanium carbide, then no refining of the graphite is produced. When the
titanium is completely fixed,és either the sulphide or the}nitride,then

(3)

coarse graphite structures are obtained .

The tensile strength of grey cast irons decreases with increasing
titanium additions, being weakest at 0.04 mass % Ti. At contents greater

than this the tensile strength increases. This is probably due to the

.

removal of nitrogen from solid solution in the ferrite and the subsequent
formation of titanium nitride. 'After complete nitrogen removal, the increase

in strength is due to the excess titanium causing solid solution strengthening

(59)

of the ferrite matrix .

Titanium has also been reported to have a deleterious effect on the
structure of S.G. iron produced by magnesium additions. When present in

amounts greater than about 0.1-0.2 mass %, titanium causes the spheroidal

(47,60)

graphite to revert to flake like forms , decreasing both the tensile

(4)

strength and ductility” 7. These effects can be prevented by the

introduction of rare earth elements into the melt or by increasing the
magnesium addition(a). The introduction of nitrogen into the melt by
additions of calcium cyanide can also induce effective spherodisation again
when the titanium levels are excessively high. In this case the excess
titanium is removed as titanium nitride, which suggests that this does not-

(60)

have an adverse effect on spherodisation .



Titanium also appears to accentuate the detrimental effects of lead
on the graphite structure in S.G. irons. In the presence of 0.1 mass 7 Ti,
as . little as 0.005 mass 7. Pb may cause the graphite to take a mesh-like

form, resulting in a significant loss in_ductility(47).

2.6 INGOT MOULD CAST IRONS

An extensive review of the literature concerned with the'effects of
composition on the structure and in-service behaviour of cast irom ingot

moulds has been made by F. G. Wilson(él)

. It is not proposed to elaborate
further on this, but a few of the salient points, with respect to the

present work,will be considered here.

In the U.K. the uéual coﬁpositioﬁ range of ingot mouid cast iroﬁs-is
3.7-4.0 mass % C, 1.2-2.0 mass % 'Si, 0;6-1.2 maés % Mn, 0.0Q-O.meass-i P,
0.05-0.135 mass % S, the optimum.composition depeﬁding to somé extent upon
mould size (for large slab moulds i.6-2.OAmaSS % Si, small 1.2-1.6 maés'%Si g
are used). It is reported- that minor compositional variations within.this
range do have an effect on mould performénce,depending on the moﬂlé désign
and steelworks operating conditions.  The metallographic structﬁré of ingot
~ 'mould irom is controlled,td a certain extent,by its composition and also-.
By tﬁe'cooling'rate, which is influenced by the size, shape and position
within the mould. Usually, the structure of moulds of lLess thau 5t consists
of a mainly pearlitic matrix- with intersperseé.iron phgsphide.and iron
carbide complexes and fine, lohg,‘turved, randomly orientated gréphite
flakes. For larger ingot moulds C>5t% the cracking resiétanceican be
{mproved by increésing the amoun£ of ferrite presént which'can:be'brought
about by increasing the silicon conFeﬁt. During usage the structure chénges,

becoming more ferritic with time.

Major failures occur due to cracking which can be minimised by ensuring



a totally ferritic structure With a large amount of coarse graphite.
Ultimately moulds have to be scrapped due to craze cracking, if premature
failure due to major cracking doés not occur. The maximum resistance to
crazing is found to be provided by a mechanically hard, growth resistant
pearlite and cementite structure, with a small amount of fine graphite,
susceptibility to crazing increasing with the amount of ferrite and

coarse graphite present. As a consequence, the optimum structure is

-considered to be a pearlite-ferrite matrix with fine graphite flakes.

Excessively high sulphur levels can lead to the production of mesh
graphite, which has a detrimental effect on mould life, and thus a sulphur
content as low as possible is desirable. It has been reported that decreasing
the sulphur content from 0.08 to 0.05% can increase mould 1ife by as much
as 25%, although this benefit is offsetAby the increésed cost incurred
in removing the sulphur. In commercial ingot mould iroms, the effect of

'sulphu: is neutrélised by fbalanéing' it with an excess of manganese,
leading to the formation of manganese sulphide. Manganese sulphide can,
however, breakdown during service due to oxide envelopment and subsequent
formation of FeS, resulting in a lqw melﬁing point FeS-Fe0O grain boundary

~

network which leads to increased crazing.

The nitrogen content of cast iron is profoundly influenced by the
raw materials, the chemical composition and the method of melting(62’63).
Nitrogeﬁ contents in ingot mould cast iron are normally in the range
0.004-0.007%. Values of upto 0.0197% have however been reported and these
have been associated with the utilisation of a high proportion of steel |
scrap in the chargé of hot blast cupolas. The solubility of nitrogen in
liquid iron increases with decreasing carbon and silicon contents, as doés
the solid solubility of nitrogen in iron. The low carbon content of steel

scrap is therefore associated with a relatively high nitrogen content which

tends to be transmitted to cast iron produced from this material.



Nitrogen strongly stabilises pearlite and eutectic cementite and, as
a result, limited amounts of nitrogen are considered beneficial in iron
- for small ingot moulds, since growth and craze cracking are minimised.
Nitrogen contents in excess of 0.0077 however, produce compacted graphite
which has a deleterious effect on mould 1life. Slow cooling rates and high
ferrostatic pressures areAcontributory factors favouring compaction,
especially at the base of heavy sections. The maximum amount of nitrogen
which can be held in solution on solidification is 0.015%. If the
nitrogen content exceeds this, the excess is rejected from solution,
displacing some of‘the eutectic liquid and producing interdendritic porosity

or blowhole defects.

Nitrogen pickup can be minimised by increased coke charges to the cupola,
but much closer control is required to prevent Kish graphite formation and
its inherent problems. The more usual method of neutralising nit?ogen
is by the addition of nitride formers such as aluminium or titanium.
An addition of 0.1% of aluminium or titanium is sufficient to eliminate
completely compacted graphite, producing irons whose mechanical properties
and thermal conductivity are equivalent to those of low nitrogen,
untreated irons. Aluminium, being the cheaper of the two, would be the
most obvious agent, although hydrogen pickup can be a problem if water is
available to oxidise aluminium to alumina. The alumina goes into the
slag and compléte removal of aluminium often results. The presence of
hydrogen can iead to the production of a 'Widmanstatten' graphite structure
if lead is present. Hydrogen also can cause pinholing. Aluminium reduces
the carbon saturation level in liquid iron, effectively increasing the
CEV and rendering the formation of Kish graphite more likely. The
presence of Kish graphite causes soft tops, as does the presence of aluminium -
the latter, with its high affinity for oxygen, forms an alumina dross

which becomes trapped at the mould top. Titanium, added as ferrotitanium



prior to casting to produce a residual 0.03-0.1 %QTigquiﬁééEi@&ﬁidh ”
iron, is thus found to be a more effective neutraliser of nitrogen,

producing finer, more branched graphite. The normal- range used is
(61). . -

0.04-0.06 %_as 0.1 %-has been found to produce soft moulds

2.7 EXPERIMENTAL TECHNIQUES FOR THE STUDY OF THE SOLIDIFICATION

OF CAST IRONS

The major reason for solidification investigatioms of cast iroﬁs has

been to obtain accurate interpretations of microstructural features

arising from different alloy compositioné, impurities and thermal histories;
in terms of nucleation and growth phenomena, in order to sﬁpplement the
practical observatiéns in foundry practice. Several methods have been
utilised in previous solidification studies,although not all of them pertain
to the practical solidification aspects observed in normal foundry

practice. Rather, the methods have been found to be more use for fund-

amental studies.
Some methods which have been utilised include:-

(i) The classical interrupted solidification and quenching technique.
(ii) Unidirectional solidification and decantation to allow examination
of the solidification interface.
(iii) The dip-stick method.
(iv) Analogue methods.
(v) Tracer methods.
(vi) Unidirectional solidification employing a single cooling rate .
throughout each experiment - essentially a zone melting techmnique.
(vii) A combination of the classical interrupted solidification method
and a modified unidirectional solidification technique, such that

the cooling system allows a variety of cooling rates to be obtained



in each solidified specimen. Solidification actually takes place
under conditions of unidirectional heat flow, since unidirectional

solidification is not strictly feasible.

2.7.1 The Interrupted Solidification Technique

The classical technique for studying solidification phenomena in
cast irons involves obtaining cooling curves, generally for small ingots,
and quenching these ingots from various temperatures before, during and
after the eutectic arrest(8’18’21). In the case of a sample solidifying
as grey iron, any liquid present prior to the quench solidifies as a white
iron, allowing the graphitic eutectic cells to be identified. Study of the
solidification of white irom usiﬁg this technique is more difficult since
it is not possible to identify the microstructural'components formed before
and after the quench(z). Whilst most of our knowledge of the solidification
behaviour. of cast irons has been derived from this technique, it is
somewhat limited in that it is difficult to quantify the solidification

conditions and relate them to the conditions existing in larger commercial

castings.

(2)

Use of sample test pieces such as the wedge chill test is useful

as a quality control check, but not as a means of studying funéamental
aspects of solidification behaviour. Undoubtedly foundry;men have de&eloped
sufficient experience to enabie them'to be reasonably successful in their |

predictions, but their experience has yet to be set on a ratiomal basis

in relation to cast iron metallurgy.

2.7.2 Unidirectional Solidification and Decantation

This method involves filling a series of identical moulds with molten

" metal. The metal is allowed to solidify 'unidirectionally® for pre-



determined times and afterwards the remaining liquid is rapidly decanted,
permitting examination of the solidification interface and the thickness
of solidified metal, with varying solidification times, to be ascertained.
Unfortunately, a number of moulds are required and it is difficult to
ensure that all are identical. With wide freezing range alloys, liquid
metal is entrained in the pasty region leading to imaccuracies. Also, it
is not applicable t§ the cooling rates encountered in conventional foundry
sand or metal moulding practice. It is therefore 6f more use to the
fundamentalists rather than practitioners With respect to analysing grey

(64)

iron foundry problems .

2.7.3 The Dip-Stick Method

This method is also known as the bar test or as differential sounding.
It involves dipping a probe into the molten metal until.the solidification
front is reached. This allows the position of the solidification front
after varying times to be ascertained. Non-planar solidification fronts
can lead to misleading results and the presence of the dip-stick may
distuxb the sblidification process. Despite these disadvantages, foundries

often use this method as a production control technique.

2.7.4 Analogue Methods

There are two analogue methods,vthe hydraulic analogue and the
electrical analogue, although the former method isAnot widely used. 1In
the hydraulic analogue, heat flow during solidification is represented by
water flbw, thermal resistances by ‘the pipe friction‘factbr, and external
thermal resistances (radiation from the mould wall‘or as a result of an
air gab at the metal-mould interface) by pipe constrictions. The electrical

analogue is a specialised application of an analogue computer where heat



flow due to temperature gradients is represented by the flow of electricity
due to a voltage gradient. This has been used by a number of investigators

and the method is reviewed by Ruddle(65).

Performance of the analysis is easy, quick and cheap, but,as a
number of analogue sections must be uséd to represent the solidification
of castings, this 'lumping' technique limits the accuracy. Also, the
thermal properties required for setting up the analogue are not always
available and, furthermore, the technique only produces a theoretical, not

a physical, analysis of the system.

2.7.5 Tracer Methods

These involve the addition of:-

(i) Radioactive tracers, which may be either active, and thus require
the obvious safety precautions, or inactive, which can later be

irradiated to activate the tracer, although if the casting is large

this may prove difficult.

(ii) Non-radioactive tracers, which usually form phases in the liquid with
properties differing from those. of the base alloy. These differing

properties can be omes of colour, machinability or chemical activity.

The tracer is added to the liquid metal during solidification and
thus the solidification front at the time of the addition can be identified.
Unfortunately, as only one position of the solidification front can be
identified‘per cast, this method becomes costly and time comsuming. Also,
the tracer additions may interfere with the nucleation and growth mechanism,
disturb the solidification mechanism, and may give misleading results
with wide freezing range alloys. The time interval between adding the
tracer and its effect on the solidification front must be negligible to be

meaningful.



2.7.6 Directional Solidification

The technique variously termed ‘controlled solidification® or
"directional solidification' has been applied to the study of the solid-

(19,24,25,31,32,33,42) o

ification of cast irons by a number of workers
technique involves melting a specimen; in a long, thin container, in the
hot.zone of a furnace and pulling it into a colder zone at a constant speed.
Solidification takes place at the same position in the temperature gradient
and occurs with the same speed as the container is pulled; It is thus
possible to predetermine the rate and direction of solidification and to
study how the rate will affect the shape of the solidification front and

the micrdstructure of the solidified material. The solidification proc;ss
may be interrupted by suddenly withdrawing the whole tube from the furnace
and quenching it into a suitable medium. As with the previous technique
(Section 2.7.2), the cooling rates used have been much slower and the

conditions under which melting and solidification takes place are considerably

different from those encountered in commercial foundry practice.

2.7.7 Solidification Under Conditions of Unidirectional Heat Flow

Techniques involving the ‘unidirectional solidification® of cast

iron under conditions of unidirectional heat flow have been employed by a

" number of workers.

(28) (29)

Ogi and Matsuda and Ibaraki employed a simple technique in

which molten iron was cast into a sand mould with a water cooled copper

(20)

chill in the base. The technique was. improved by Gadgil and Kondic: and

(30)

Okamoto and Matsudo who replaced the simple sand mould with a
cylindrical shell mould contained within a preheating furnace. The lower
end of the mould was sealed with a water cooled copper chill which provided

the principal means of heat abstraction from the metal and hence created .



unidirectional heat flow conditioms, so that the cooling rate decreased

with vertical distance from the base chill., The progressive decrease in
temperature gradient with distance from the base gave rise to gradual
structural changes, thus allowing a clear picture of the mechanism of
formation to be obtained. The cooling rates produced were compatible with
those encouﬁtered in commercial foundry practice. 1In addition, the
production of various quantifiable cooling rates within a single specimen
significantly reduced the amount of experimental work required, in comparison

with the other techmniques herein described.

(20)

Gadgil and Komndic used this techmnique’ to investigate the effect
of cooling rate on the microstructure of grey irons containing various
amounts of silicon, but with a similar carbon équivalent value‘of about
4.0. The results obtained served to prove the usefulness of the téchnique

but,unfortunately,they failed to quantify the cooling rates responsible

for the various microstructures.

The quantitative relationship between solidification rate and unidirect-

(66)

ional heat transfer rate has been studied for non-ferrous alloys by Moore

(67). In this research,the method of Gadgil and Kondiézo) has

(67)

and Spinat
been combined with the quantitative approach of Spinat ’ iﬁ order to
study quantitatively the unidi:ectional solidification of ingot mould type
‘iron under controlled, reproducible conditioms, thus establishing the
influence of variations in composition and cooling rate on the structure
of these irons. The mechanism by which alloy additions and different heat

transfer conditions affect and control the microstructure of these irons

has been investigated.



CHAPTER 3

EXPERIMENTAL APPARATUS AND METHOD




3.1 INTRODUCTION

The apparatus and experimental method used in this work was similar

(20)

to that employed by Gadgil and Kondic and also various Japanese

(28,29,30)

authors , although a number of refinements were introduced

subsequent to initial experiments.

The technique involved the controlled solidification of molten cast
iron in a vertical, cylindrical, ceramic mould (Figure 7) which was
contained within a furnace (Plates 1 and 2). By enclosing the mould
inside a furnace, the mould surface temperature may be controlled to ﬁinimise
lateral heat losses. Unidirectional heat flow, parallel to the mould
verticél axis, should be induced by the presence of a water cooled copper

chill in the mould base (Figure 9, Plates 3, 4 and 5).

To ensure that unidirectional heat flow was oci?rring, white iron
2 .

melts of hypoeutectic composition were introduced-iJVthe moulds. During
solidification of these melts, dendrites,aligned in the direction of
the heat flow, were produced, the sizé of which increased with distance
from the copper chill, owing to the progressive decrease in cooling rate.
Initial structural and cooling curve evidence showed that some lateral
heat loss was occurring where the metal temperature exceeded the furnace
temperature. As a result of this, the furnace was sectioned into three
separaté controllable heating zones and, by trial and error, a standard

practice was developed which created conditions closely approaching

unidirectional solidification.

Once this “had been'established the grey iron melt programme was
initiated (Table 15). This entailed making six 'base melts' (from Iron III
in Table I), consisting of 2 nitrogen contents (0.005 and 0.010 mass %)

each with three sulphur contents (0.02, 0.05, 0.1 mass %). These ‘base



melts' were to be used as 'controls' to determine the effect of adding

four titanium percentages, (0.05,0.1,0;3,0.45 mass %). - The observed
decrease in cooling raté,proportionate to the distance from the chill,
produced a corresponding change in microstructure and thus provided a useful
means of studying the effect of melt-composition on the solidification

process, and hence the final microstructure, at various cooling rates.

3.2 THE FURNACE

General sectional views of the mould furnace are shown in Figures 7,
7A and 8 while more detailed sectional views of the mould in position
inside the furnace are shown in Figures 9 and 9A. The furnace and

ancillary equipment are shown in Plates 1 to 17,

Dimensional details of the furnace are given'in Table 2. The furnace
was supported above ground level by a steel frame. This allowed access
to the furnacds base for location of the copper chill and water pipes
and for connection of the thermocouple leads to the compensating leads
and thus, the data logger. An outer, removable, Sandanyo covefvprovided
protection for the exposed heating element ends and electrical connectiomns,

both during an experiment and whilst idle (Plates 3, 5 and 6).

An inner Sandanyo box, through which the elementé protruded, housed
the‘refractory insulation bricks and hot zone, dimensional details of
which are given in Table 2. The brick-work comprised four layers of
bricks, the top layer comprising six smaller outer bricks and two central
bricks (Figures 7, 7A and 8). Removal of the outer Sandanyo‘cover
enabled the extractioﬁ of these two central bricks permitting both access
to the furnace hot zone, as shown in Section XX of Figure 7 and in
Plates 1 and 7, and accurate positioning of the diffuser and mould.

There was a circular hole cut in these bricks which, when the mould was



in position, was sealed with Kaowool to prevent penetration of molten
iron into the hot zone should overfill or off-centre pouring occur.
Dimensions of the hole and bricks are given in Table 2, and the sealing

is shown in Plates 2, 8 .and 10:

Initial trials proved that removal and replacement of the Sandanyo
access cover was hazardous as, on refitting, the required 'tight fit'
caused occasional breakage of the elements. A square hole was therefore,
cut.in the top of the access cover to permit removal of the bricks whilst
the cover remained in position (Figure 7A). A Kaowool insert was then
placed directly on top of these bricks (Plates 9, .10 and 11) to re-establish
the thermal seal thus preventing unnecessary heat losses. The positioning

of the diffuser and ceramic mould was unchanged.

3.2.1 The Furnace Hot Zone

This comprised a central cavity in the lower three layers of
refractory insulation brick which was heated by sixteen Crucilite
elements arranged in two sets of four pairs, the sets intersecting at
right angles as shown in Figures 8, 9 and 9A and in Plates 1, 6 and 7.
The dimensions of the hot zone and details of the elements and their axial
spacings are given in Table 3. A Triton Kaowool pad was recessed in the
Sandanyo furnace base, below the hot zone chamber. This protected the
furnace base from over-heating, prevented unnecessary heat loss, and

provided a more effective seal between the diffuser and the furnace base.

Initially it was hoped to use a cylindrical Crucilite heating element
to ensure a uniform radial temperature distribution existed around the
mould. Such an element was not readily available with the required hot
zone dimensions and éroduction costs for a;non-standard design were

prohibitive., Necessity didated the use of Crucilité rods. It was expected



that use of the rod type heating elements would lead to non-uniform radial
temperature distribution about the hot zone's vertical -axis. To overcome
this, a cylindrical vitreosil diffuser, of dimensions given in Table 2,
was placed between the elements and the mould as shown in Figure 9 and in
Plates 1 and 7. The radial temperature distribution and hence the thermal
diffuser efficiency were determined before proceeding with experimental

work.

Using a sheathed platinum-platinum 13% rodium thermocouple (whose
length was graduated in millimetres) the profile of temperature versus
vertical displacement in the mould cavity was determined for the three

different positions shown in Figure 8, namely:

a) along the vertical mould axis;

b) along the internal mould wall opbosite to the centre of the
heating rods;

c) along the internal mould wall on the furnace diagonal such
that the thermocouple was a maximum distance possible from

. ) -
the elements, i.e. 45 from position 'b'.

The method of obtaining these results entailed heating the furnace
to operating temperature with the mould and diffuser in position. The
thermocouple was introduced into the mould cavity through a hole in an
inéulating brick which rested over the top two central bricks. To
minimise heat losses through the hole in this brick, Kaowool was blaced
round the thermocouple and hole. After sealing, the thermocouple was
allowed to stabilise before a reading was taken. This done the thermo-
éouple was lowered into the furnace in predetermined steps (Table 4)
until eleven readings had been obtained. Care was taken to ensure stabil-
isation prior to each reading. The final reading was at the pseudo

chill/metal interface which, in the absence of the‘chill, "would later



form the mould base, was plugged with Kaowool to prevent further possibility
of heat loss. The readings were checked by withdrawing the thermocouple

to identical positioms, alloﬁing time for stabilisaﬁion each time. This
process was then repeated for the other positions - the results are given

in Table. 4.

Initially the mould was supported by the wvitreosil diffuser so that
the top of the chill seat area, incorporated in the mould, was level
with the top of the Kaowool insert (Figure 7). Initial experiments
showed that complete filling of the feeder head, and temperature maintenance
of the iron in this area, was necessary iﬁ order to prevent heat losses
from the top of~the sample. From Figures 7 and 9 it can be seen that the
feeder head did not protrude far enough into the hot zome. To correct
this the diffuser was shortened, the basal Sandanyo hole widened and the
mould dropped (Figures 7A and 9A, and Table 2). As well as widening the
basal hole, to accommodate slight diametric variation of the mould
chill seat, a slot 25.4mm (1'") wide and 50.8mm (2'") long was cut. in one
side of the Sandanyo base adjacent to the hole. This facilitated removal
of the thermocouple leads from within the gap between the thermal Aiffuser
and the mould (Figures 9 and 9A) and enéured“positioning of the thermocouples
on the diagonal as far’as possible from the heating elements. Should
magnetic currents have been induced by.the elements, this latter precaution
would minimise,interferenée with the d.c. current produced by the thermo-
couples. The extent of mould protrusion below the furnace is shown in
Figures 7A and 9A and Plates 3 and 4. This facilitated chill seating,
removed the possibility of overheating the. copper chill and heating in.
the metal/chill area, whilst exposiﬁg the feeder head ﬁo more direct
heaf radiation. To maintain a seal between the mould feeder head and the
two removable bricks, a thin layer of brick and insulating éement was

applied to ‘the underside of the bricks which increasel the internal depth



of the locating hole (Figures 7A and 9A and Plates 1 and 7).

3.3 HEATING ELEMENT CONTROL

Stage 1 When the furnace was built, the 'Crucilite' rods were
connected to the power supply using a comparatively simple circuit.
Essentially the furnace elements comprised two sets‘of eight, intersecting
at right angles. Each set of eight elements was wired in series and the
two sets were connected together in parallei. In this configuration all
the elements had to be switched on and off together, independent control
of individual element groups being impossible. Experimental results
showed that, by simultaneously turning off all the elements, after introducing
molten iron into the mould, lateral heat loss through the mould wall
occurred as the furnace cooled more rapidly than the solidifying metal.
Héwever, by maintaining power to the elements it was’possible to heat the
metal, especially in the region of the copper chill, where the solid-
ified cdst iron was at a relatively low temperature. It was decided that
it would be beneficial to control independently the groups of elements

at different levels within the furnace.

Stage 2 By comsulting the cooling curves obtained using this furnace
arrangement an independent temperature control system was developed to

give three controllable furnace sections:

(i) the lower four elements,
(ii) the middle eight elements, and

(iii) the top four elements.

The heating elements were controlled by the electircal circuits shown
in Figure 10. Circuits for the individual control of the middle and

combined upper and lower sections of elements are illustrated in Figures 11



and 12. When power was switched onto all the elements (Figure 10) the
circuit was essentially the same as the original circuit. There were

two composite sets of eight elements, each set of eight being wired in
series and the two composite sets connected in parallel. When the lower
four elements were switched off, the remaining circuit comprised the eight
middle section elements wired in series and connected, in parallel, to

the upper four elements, also arranged in series, but,supplied with half
mains voltage (120 volts). When the upper four elements alone were on,

power was supplied at half mains potential.

The hot zone temperature was automatically controlled by a mains
controller and monitored by two thermocouples. As a precaution the mains
controller was linked to two thermal fuses, adjacent to the controller
thermocouples, within the furnace. The positions of these are shown in

Figures 9 and 9A.

After further study of the cooling curves it was decided to use
furnace 'switch-off' times of 15,32 and 48 minutes, for sectioms (i),
(i1) and (iii) respectively, after teeming the metal into the mould.
The duration of ;n experiment was diétated by the number eight thermocouple
(Figufe 13) which should have registered 700°C or less before terminating
temperature monitoring. Inflectionskon the resultant cooling curve, caused
by heat transfer from the mould furnace to the metal, indicated the need

to reduce the element operating times.

Stage 3 Trial and error established the following satisfactory

'switch-off' system:

(1) the lower four elements immediately prior to teeming the molten
metal into the mould,
(2) the middle eight elements ten minutes after the start of teeming,

and



(3) the top four elements twenty minutes after the start of teeming.

Using this system the duration of each experiment was approximately one

and a half hours.

Prior to separating the furnace into three controlled heating zones
the controller temperature setting was 1150°¢C (the figure used by

Gadgil and Kondic(zo)).

Graphical evidence showed this temperature to

be too low and lateral heat flow from the uppermost sample metal, which
was in excess of 1200°C, was occurring. During subsgquent experiments a
1250?C controller setting was used which produced a temperature of 1180°C

in the mould cavity. This discrepéncy was due to lack of thermal insulation

in the mould, in the absence of metal.

3.4 THE MOULDS

The mould is illustrated in Figure 13, and the dimensions given in
Table 5. A feeder head was incorporated in the mould design to compensate
for liquid/liquid contraction and any liquid/solid contraction, to
facilitate teeming, and to provide a thermal head to negate upward heat
losses from the sample head. To obtain a complete interface, between the
copper chill and the base of the sample,the lower mould diame£er was
enlarged. C#re was taken to ensure that an insulating cement seal existed
betﬁeen the chiil and the mould material to prevent metal penetration
between the mould and the chill, and hence minimise downward heat withdrawal
from the shell,which would have increased the possibility of lateral heat
flow from the metal to the mould. 'K.0.S.' cement was used for this purpose
and also provided a means of securing the copper chill in position inside

the base of the mould. The cement seal is indicated in Figures 9 and 9A.

The internal profile of the mould was similar to that used by Gadgil

(20)

and Kondic , but the sample diameter was increased from 25.4mm (1'") to



37.5mm (1.5"). This increase was a result of heat capacity calculations
which indicated that a larger volume of metal would decrease the initial
cooling effect caused by mould material heat abstraction when the molten

metal was introduced (see Appendix 1).

The moulds‘were made using the Lost Wax Process which necessitated
the production of a wax former with the desired sample profile. These
formers were made in two parts by casting wax into two appropriately
machined aluminium dies -~ one for the feeder head, the other for the
combined sample length and chill sections. Once solid, the two formers
were removed from the dies and joined together by gently melting the
feeder head base and sample head with a hot spatula and applying pressure.
-Once joined, the feeder head/sample interfacevwas further secured by

building up a slight wax camber.

A molochite shell %as produced by dipping the formers into a molochite

suspension (Table 6) three times and, after each dip, a coating of 200

mesh molochite powder was applied. A further three dips were applied,

this time interspersed with coarse 100 mesh powder. Finally, ‘a sealing
solution dip ensured retention of the powder. Care was taken to ensure
that each coat was dry before applying the next layer, hence a maximum
speed of two dips per day was used, and that the top of the feeder head

was wiped clean after each dip. The ﬁrocess produced a 3.2mm (0.125")
thick shell in four days. Once dry, the base of thg chill seat was

removed, using a diamond cut-off wheel, and the wax removed.

Initially wax removal was achieved using a blow torch but longitudinal
cracks often resulted from a combination of thermal gradients in the
mould and wax expansion. The technique then adopted involved melting out
the wax using boiling water. The mould, placed vertically with the

feeder head down, was submerged in the boiling water. This produced a



relatively uniform temperature gradient, allowed the wax to run out of
the feeder head and prevented variable lateral expansion. Once devoid
of wax the moulds were fired at 900°C for a period of two hours to

improve handlability. -

Locating holes for the thermocouples ﬁere initially made an
integral part of the wax former by placing aluminium pins at right angles
to the sample section at the required posifions. This proved to be
very unsatisfactory as there was a tendency, during the coating process,
for the pins to either fall out or become bent away from the perpendicular
thus altering the eventual thermocouple position. It was found that
direct machining of the 'green' mould, using a 4mm (0.163") diameter

masonary drill, was feasible and this became standard practice.

3.5 THERMOCOUPLES

To monitor the cooling mode at various positions in the iron, a
. series of thermocouples were introduced through the mould side as shown

in Figures 9, 9A and 13 and Plates 12 and 13.

Initially chromel-alumel thermocouples were used in an attempt
to reduce costs, but, as trials showed that the temperatures, encountered
~at the upper end of the solidifying sample, exceeded the operating range
for this system, platimim-platinum 13% rhodium thermocouples became

standard practice.

A total of eleven thermocouples were used originally, the positionings
of which are detailed in Table 8, but the temperature profiles obtained
proved that eight thermocouples would suffice. This became standard
practice in all subsequent experiments and the positioning of these are

also shown in Table 8 and in Figures 9, 9A and 13,
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